Introduction
A rticular cartilage degeneration onset by either acute traumatic injury or a degenerative joint disease, such as osteoarthritis, results in the formation of unhealthy tissue with inferior structural and mechanical properties. 1 Hyaline articular cartilage is a differentiated tissue distinct from most tissues because of its vascular deficiency and has only limited self-regenerative ability. 2, 3 This ability to self-repair has been shown to be somewhat modulated by the size, location, and depth of cartilage lesions. 4 Pure chondral lesions that do not penetrate the underlying subchondral bone have been shown unable to self-repair spontaneously, while full-thickness defects have been shown to undergo only a transient healing response. 4, 5 Analogously, some researchers believe that cartilage lesions less than 3 mm in diameter self-repair with hyaline-like cartilage. [6] [7] [8] [9] In contrast, it is widely accepted that larger defects are replaced with fibrous cartilage possessing different structure and composition compared to normal cartilage with accompanying inferior mechanical properties. 10, 11 Numerous strategies have been employed to repair cartilage defects with an end goal of filling the defect with tissue having biochemical and biomechanical properties approximating surrounding native tissue. Such clinical and experimental efforts include subchondral drilling (e.g., microfracture technique), 12 osteochondral graft transplantation, [13] [14] [15] [16] [17] [18] suspended chondrocyte implantation, 19, 20 and tissue-engineered grafting. [21] [22] [23] A number of studies have investigated these treatment options, and varying degrees of efficacy and immune responses in clinical trials and in vivo animal experiments have been reported. Though several methodological variations may be attributed to these differences, controversy and uncertainty remain with respect to the best available treatment option.
Organ transplantation has been investigated extensively, yet the process by which rejection occurs is only moderately understood. Traditionally, transplantation of a graft from a genetically disparate donor causes an acute immune response in the host due to the detection of donor antigenpresenting cells (APCs). 24, 25 This detection sets in motion a series of concurrent cascade events that eventually lead to graft rejection. The first stage of rejection includes the recognition and sensitization phase, whereby T lymphocytes (both CD4 þ and CD8 þ ) recognize alloantigen and respond immediately by undergoing proliferation and activation. Activation occurs through the interaction of the host T cell with a donor APC that expresses an appropriate antigenic ligand on its major histocompatibility complex (MHC) receptor in addition to a required costimulator signal. 26 Simultaneously, a population of nonlymphoid passenger leukocytes migrates from the graft tissue to the host's lymphoid organs whereby they stimulate the host's immune system. During migration, these passenger leukocytes undergo maturation from immature dendritic cells to mature APCs that activate an array of T lymphocytes, including CD4 þ , CD8 þ , and naïve T cells. The versatility in stimulating the host's immune response of these mature cells has led to their naming of ''professional APCs.'' 27 The proliferation and activation of T lymphocytes plays a major role in signaling the second phase of immune rejection involving effector immune responses that reject the graft, known as the effector stage. Activated T cells secrete various cytokines (i.e., interleukin-2, interferon-gamma, tissue necrosis factor-beta etc., which rapidly enhance the immune system's response by recruiting a variety of other host immune cells and inducing increased expression of MHC class I and class II molecules by donor cells. [24] [25] [26] [27] Interleukin-2 is also critical in the generation of cytotoxic T lymphocytes that attack APCs, while IFN-g also promotes the influx of macrophages into the graft and their later destructive activation. Finally, TNF-b has a direct, cytotoxic effect on graft cells. Articular cartilage's avascularity has led to an assertion that the tissue is immunoprivileged, whereby a body's immune system is limited in its ability to detect and reject implanted tissue. However, many researchers have shown that both chondrocytes and their embedded extracellular matrix (ECM) contain antigens that can be immunogenic. 28, 29 Chondrocytes have been found to contain MHC class II antigens, which during transplantation could react with T cells and elicit a cell-mediated immune response as described above. 20, 30 Additionally, chondrocytes are known to be susceptible to attack by natural killer cells, [31] [32] [33] and various components of the matrix itself, including collagen types II, IX, and XI and proteoglycan core proteins, have been shown to have antigenic properties. [34] [35] [36] [37] [38] However, when cartilage tissue is intact, chondrocytes are protected and separated from contact with both natural killer and T cells by the ECM. Thus, an efferent and afferent block to the immune system is believed to impart the immunoprivileged nature of intact cartilage. 28 The objective of this review is to illustrate the vast array of articular cartilage repair techniques, both clinical and experimental, and their respective immunological, histological, biochemical, and biomechanical efficacies and responses. This review includes a description of autogenic, allogenic, and xenogenic approaches to tissue repair and tissue repair strategies available for each tissue source (Fig. 1) . Throughout this review, the terms ''autogenic'' and ''autologous'' are used interchangeably to denote tissue originating from the same individual. Additionally, cartilage defects are defined as follows: (i) a partial-thickness cartilage defect is a defect that does not fully penetrate through the cartilage layer, (ii) a fullthickness defect penetrates through the entire cartilage thickness but not into the underlying subchondral bone, and (iii) an osteochondral defect penetrates through the entire cartilage thickness and into the underlying bone.
Autogenic
Autogenic tissue has been used to repair cartilage defects using several techniques. Such tissue transplantation options include osteochondral plug transplantation and single cell suspensions of either terminally differentiated chondrocytes or undifferentiated bone marrow-derived mesenchymal stem cells (MSCs). Though these techniques afford repair advantages insofar as the lack of disease transmission or elicitation of an immune response, severe limitations exist, such as tissue scarcity and requirement of additional invasive surgeries that may give rise to donor-site morbidity, thus preventing their widespread usage.
Autografts
Osteochondral autografts used experimentally and clinically in the repair of damaged articular cartilage have historically been harvested from non-weight-bearing locations and transplanted into defect sites. Satisfactory clinical results, as defined by resumption of normal preinjury activity levels, have been reported in long-term studies 16 with accompanied good graft-host tissue integration. These results have proved encouraging, but the major drawbacks have caused researchers to consider this technique a last-resort solution when other 
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techniques are too complex or prove inadequate. Several approaches to circumvent the limitations of donor tissue availability required to fill large osteochondral defects have been implemented, including the use of undersized grafts. Recently, a 6-mm-diameter autologous osteochondral plug was transplanted into a 10-mm-diameter defect in an adult sheep model to assess the ability of large lesions to be treated using a plug not completely filling the defect. 14 Results indicated a superior ability to regenerate tissue ingrowth compared to untreated defects or autologous cancellous bone graft treatment, but this neotissue was fibrocartilaginous in nature. This effect could be attributed to the lack of contact between graft and surrounding native cartilage, which causes the application of additional stresses to an undersized graft upon weight bearing.
Similar treatment options that have been employed to thwart issues of contour nonuniformity and tissue scarcity involve tissue mosaicplasty. Autologous mosaicplasty involves the use of multiple, small-sized cylindrical osteochondral grafts harvested from non-weight-bearing areas transplanted in a mosaic-like fashion into a large osteochondral defect. 39 Advantages of this procedure include the survival of transplanted tissue and a smoother contour imparted to the transplantation site. Hangody and Fules 15 and Hangody et al. 39 reviewed various mosaicplasty studies and report that after 3, 4, and 5 years, mosaicplasty provided significantly better clinical results than other cartilage resurfacing techniques, including Pridie drilling, abrasion arthroplasty, and microfracture repair. Clinical trials have shown the effectiveness of this technique in comparison to autologous chondrocyte implantation (ACI). 40 Evaluation of patients revealed that a complete clinical recovery, as assessed by the Lysholm Knee Scoring Scale, 41 was detected in 88% of patients treated with mosaicplasty, while only a 68% success rate was seen in patients with ACI. Additionally, long-term examination of the mosaicplasty technique revealed good/ excellent scores for resurfacing treatment of the femoral condyle (92%), tibia (87%), patella and=or trochlea (79%), and talus (94%). 42 However, morbidity was observed in 3% of donor sites, which were consistently filled with fibrocartilage in all patients of the study. Bentley et al. 43 presented contradicting evidence that suggests that chondrocyte implantation significantly outperformed mosaicplasty in the treatment of large, heterogeneous lesions in terms of both functional assessment and arthroscopy. Many proponents of mosaicplasty point to its inherent benefit in obtaining small, self-healing cartilage specimens to repair large defects. However, while it has been postulated that small cartilage defects can self-repair with hyaline-like cartilage, the intentional removal of healthy native tissue could be a long-term concern for this technique as fibrocartilage tissue possesses inferior properties that can degenerate into a permanent defect. Most studies investigating mosaicplasty to date have not included long-term follow-up to address the prevailing theory that with time, defects, no matter their size, will be filled with fibrocartilage tissue with inferior properties and will degenerate into a permanent defect. 45 ACI is a repair technique that harvests thin slices of cartilage from minor weight-bearing areas of the knee. Enzymatic digestion of these cartilage slices yields chondrocytes that are subsequently expanded in vitro for several weeks. When a sufficient number of cells to fill the articular cartilage defect have been obtained, chondrocytes are implanted into the defect and secured with a periosteal patch. 46 Though this is an attractive treatment due to the chondrocytes being autologous in nature as no immune responses have been reported in ACI treatment of focal defects in either animal or clinical usage, its success remains inconclusive.
Autologous chondrocyte implantation
Clinical use of ACI began in 1987 in Sweden and has been described extensively in several reports. 19, [46] [47] [48] Since its inception, studies have reported upward of 92% success in treatment of isolated femoral condylar lesions with good adherence of neotissue to underlying bone and adjacent cartilage tissue. 49 Long-term investigation of this technique revealed that 89% of patients scored a good/excellent clinical score after 2 years, and grafts were 100% durable during the remaining 9 years. 50 Clinical scores include ratings of defect repair, integration with surrounding tissue, and macroscopic appearance as parameters for repair assessment. Further, mechanical assessment of repair tissue 5 years postimplantation indicated that indentation stiffness values measuring 90% of the surrounding native tissue and 66% of graft biopsy samples were consistent with hyaline tissue. A similar study assessed mechanical integrity of ACI grafts in 30 patients and found indentation stiffness reached 62% of the surrounding native tissue. 51 However, only 53% of patients graded their repair as good/excellent 1 year posttreatment. Magnetic resonance imaging results showed proteoglycan replenishment, but the lower stiffness values indicated fibrous tissue repair, suggesting the conflicting appropriateness of various endpoint analyses.
In spite of its success, the ACI technique is not without its skeptics. [52] [53] [54] Horas et al. 55 compared ACI with autologous osteochondral graft transplantation in 40 patients monitored over a 2-year period. At the conclusion of the clinical trial, tissue recovery with chondrocyte implantation occurred at a slower rate than osteochondral transplantation. Additionally, biopsy specimens of chondrocyte implantation grafts were consisted primarily of fibrocartilage with small, localized hyaline-like regions near the subchondral bone. These repair tissues were in contrast to the homogeneous hyaline appearance of transplanted osteochondral grafts. Other studies have compared results of ACI with microfracture surgery. 56, 57 While both treatments demonstrated short-term benefits, enhanced structural properties were only fleeting 56 as long-term evaluation showed that inferior tissue was present in both treatments. 57 At 2 years posttreatment, only one failure was observed for microfracture treatment and two failures for ACI. However, neither graft remained stable, whereby nine failures occurred in each treatment 5 years postoperatively. 57 Further investigation into matrix repair after ACI treatment revealed that 10-15 months after treatment, repair tissue underwent proteoglycan replenishment but lacked the preferential collagen alignment seen in normal cartilage essential to maintaining the tissue's functional mechanical properties. 54 Finally, a recent study reviewed adverse events involving 294
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patients who received the Carticel procedure between 1996 and 2003. 45 In this report, the most common adverse events reported were graft failure (25%), graft delamination (22%), and tissue hypertrophy (18%), occurring at a median time point of 240 days. These data agree with previous reports of adverse events occurring in approximately 3.5% of administered Carticel procedures, 58 as these adverse events studied occurred in an overall population of 7500 operations (3.8%). 45 The apparent large variability and disparity displayed in ACI treatment studies can possibly be explained by several well-documented limitations in study designs that influence treatment outcomes. These include the use of controlled rehabilitation regimens, 59 ,60 patient age, 61 joint alignment postoperatively, 49 and surgical history. 62 It is also worth noting that most clinical trials have used the original techniques of Peterson et al. 44 and Brittberg et al. 46 employing the patient's own serum as part of the culture medium for expansion of chondrocytes in the ACI procedure. However, the Carticel procedure utilizes fetal bovine serum in lieu of the patient's own serum for chondrocyte proliferation. Genzyme Corporation reports that trace amounts of bovine-derived proteins may be present in the Carticel product, and that this procedure should not be employed in patients with a hypersensitivity to materials of bovine origin. 63 In animal studies, there are no consistencies in serum usage between studies as some utilize autologous serum, while others use bovinederived serum. In future ACI studies, as well as for all in vivo cartilage repair studies, physicians should control these design factors as they have major influences on graft success and can severely impact the implicit power of study conclusions.
Tissue-engineered constructs
Inherent disadvantages with ACI, including the use of periosteum, led researchers to begin modifying the procedure by combining natural and synthetic biomaterials to both secure the implanted chondrocytes in the defect site and enhance their chondrogenic potential. [64] [65] [66] Several studies have reported both experimental and clinical successes of collagen bilayer scaffolds, known as matrix-associated ACI (MACI). 67, 68 In an ovine model, 68 MACI contributed to short-term significant histological improvements though biomechanical properties remained inferior. When used in a longterm clinical trial, 67 MACI resulted in 72% of patients reporting improved joint function out to 5 years posttransplant.
Polylactic/glycolic acid (PLGA) 27 and polylactic acid (PLA) 69 and grafts have been studied in both experimental and clinical trials with moderate success. A porcine model was used to investigate autologous chondrocytes seeded into a biphasic scaffold of PLGA and a mixture of PLGA and b-tricalcium phosphate. 21 Results showed that the autologous cell-seeded biphasic construct had significantly higher mean gross morphological and histological scores than unseeded constructs 6 months after transplantation. Further, under creep indentation, seeded constructs achieved similar stiffness values but larger permeability values compared to native tissue, while inferior stiffness and permeability values were reported for unseeded controls. The increased permeability of seeded constructs is representative of the inability of matrix to trap fluid within the construct. Therefore, while similar equilibrium stiffness is attained, inferior matrix remains compared to native tissue.
Several patented products for cartilage regeneration exist that utilize autologous chondrocytes seeded with or without polymer matrices. ChondroCelect Ò (Tigenix, Leuven, Germany) is a modified ACI procedure using a chondrocyte subpopulation thought to possess specific molecular markers that predict the formation of hyaline-type tissue. BioSeed Ò -C (Biotissue Technologies, Freiburg, Germany) is a tissueengineered cartilage graft available for use in Europe formed by seeding autologous chondrocytes in fibrin and a polymerbased scaffold of PLGA and polydioxanone. A recent 40-patient, 2-year clinical study reported that the implantation of BioSeed-C into osteochondral defects led to good integration with surrounding tissue, significant improvement in clinical scores resulting from the formation of both fibrocartilage and hyaline-like cartilage, and improved kneerelated quality of life. 70 NeoCart Ò (Histogenics, Waltham, MA) is another autogenic implant currently undergoing phase I FDA trials that uses patient's own chondrocytes seeded in a collagen matrix. Neotissue is formed through in vitro culture in a patented, high-pressure bioreactor and reimplanted into the defect site. Hyalograft-C is yet another modified ACI graft that uses hyaluronan as a dual-purpose scaffold material. This material has been shown to provide initial structural integrity as the cellularized graft produces its own matrix followed by the emission of chondrocytespecific informational cues in the form of small hyaluronan oligomers in latter stages as the scaffold degrades. 71 Recent clinical trials have shown Hyalograft-C to be effective out to 24 months postimplantation, with over 90% of patients presenting with significantly improved clinical scores. 72, 73 Other patented autogenic cartilage repair products used clinically in Europe, such as CaReS Ò (Arthro Kinetics, Esslingen, Germany) and Chondrokin Ò (Orthogen, Dusseldorf, Germany), employ autologous cells in combination with other materials, such as a gel-like collagen matrix (CaReS) or collagen fleece (Chondrokin), to grow replacement tissue.
Mesenchymal stem cells
Bone marrow-derived MSCs offer another possible solution toward articular cartilage defect repair. In a procedure known as microfracture surgery, these pluripotent, autologous cells are believed to be recruited to the defect site by making multiple holes in the subchondral bone with an arthroscopic awl to elicit the formation of a blood clot and stimulate the body's natural healing cascade.
12,74-78 After migration and filling of the defect site, bone marrow stromal cells differentiate into fibrocartilage cells. Presently, this surgical procedure is the most commonly used clinical treatment of articular cartilage condylar lesions, 57 with longterm results indicating reduced pain and statistically significant improvements in joint function. 79 However, results of this technique have been mixed as reports suggest neotissue growth occurs without collagen type II, and the surrounding matrix can be damaged by MSC expression of nitric oxide synthase. 80 Further, histological evaluation of failed microfracture surgical grafts shows fibroblastic cells and fibrocartilaginous tissue formation with a moderate detection of collagen type I and only a weak presence of collagen type II and proteoglycans. 81 Despite this procedure's clinical results, its use has been hindered further by the plethora of limitations for candidates of microfracture surgery. These
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limitations include partial-thickness defects, axial misalignment in the knee, requirement of a rigorous rehabilitation program, an inability to use the opposite leg for weight bearing up to 12 weeks posttreatment, and age greater than 45 years. 78 Collectively, microfracture surgery may represent a moderately successful cartilage repair technique for a small population of individuals with cartilage defects, thereby creating the need for other more widely applicable repair techniques with higher success rates.
Animal studies have also been performed with autologous MSCs in conjunction with biodegradable scaffolds. [82] [83] [84] One noteworthy study by Zhou et al. 85 investigated the implantation of a PLGA scaffold seeded with autologous chondrogenically differentiated porcine MSCs into nonweight-bearing osteochondral defects of hybrid pigs. After 6 months, neotissue contained hyaline-like cartilage atop cancellous bone with a compressive modulus 80% of native values and GAG composition similar to surrounding native tissue. Further, the defect was found to contain implanted MSCs present in both the engineered tissue and underlying subchondral bone, illustrating the ability of these cells to further differentiate into chondrocytes and osteoblasts in an articular cartilage microenvironment. Similar autologous MSC results have been demonstrated for cell-seeded collagen gels implanted in a rabbit model in which large, full-thickness defects of weight-bearing regions of the knee were repaired with hyaline-like cartilage and underlying subchondral bone. 86 The use of MSCs in this manner has advantages over ACI because (i) a less invasive procedure is required to obtain MSCs than native chondrocytes, (ii) limited or reduced donor-site morbidity is associated with cell acquisition, (iii) only one surgical procedure on the damaged joint is required, and (iv) MSCs have a greater proliferative capacity than chondrocytes. [87] [88] [89] Recently, MSCs have been shown to modulate MHCmediated immune responses through several modalities. 90, 91 First, it appears that MSCs can inhibit T cell proliferation by both cell-to-cell contact and through the release of soluble factors. 91 While only minimally understood, human MSCs express cytokines, such as transforming growth factor-b1 and indoleamine 2,3 dioxygenase, that suppress the response of allogenic leukocytes in vitro, even in the presence of normally inflammatory cytokines such as IFN-g. 90 These findings could be an additional benefit in the use of MSCs in future cartilage repair techniques; however, caution must be heeded when transplanting cells after chondrogenic differentiation. It has been well documented that in addition to cartilage-specific markers such as collagen type II and proteoglycans, chondrogenic differentiation can induce fibroblastic 92, 93 and hypertrophic 92, 94 features such as collagen type I expression and matrix metalloproteinase 13 and collagen type X expression, respectively. Therefore, when using MSCs as a cell source for cartilage repair, it is of utmost importance to ensure the phenotypic stability before implantation for the safety of the patient and long-term survival of the implanted graft.
Allogenic
Due to the many practical limitations associated with autogenic tissue use, investigators have turned to allogenic tissue as a possible means to generate successful cartilage tissue grafts. It has long been thought that the lack of vasculature in articular cartilage contributes to an immunologically privileged transplantation site that would allow implantation of cells from various sources without the risk of rejection. 95 For this reason, allogenic tissue has been investigated for use in cartilage defect repair under the hypothesis that allogenic grafts can approximate autogenic graft success. Allogenic grafts, then, would be preferable due to the need for only one surgical procedure and their potential availability to satisfy the growing clinical demand.
Allografts
Osteochondral allograft transplantation is similar to the autologous approach in that it involves transplanting a bilayer bone-cartilage graft, but here the tissue is of cadaveric origin. Clinical results of osteochondral allograft transplantation have demonstrated a high success rate (60-95%) as defined by graft survival and good/excellent patient evaluations (Table 1) . In early clinical trials examining the usefulness of 17 reported a clinical success rate of 78% in 40 osteochondral allograft transplantations at various locations within the knee (range 2-10 years). Success was defined by a lack of joint pain, unlimited joint function, and increased range of motion. Although this treatment was successful for a variety of cartilage defect indications, such as lesions of the femoral condyle and osteochondritis dissecans, the authors found that patients with unicompartmental traumatic arthritis had a success rate of only 30%. Other clinical trials demonstrated that allograft implantation was unsuitable for bipolar lesion repairs, with 50% of grafts failing 6 years after treatment compared to an 84% success rate for unipolar grafts. 96, 97 Here, a bipolar graft is defined as the transplantation of tissue on both articulating surfaces within a joint compartment (e.g., resurfacing the patella and trochlea). Long-term followups of patients receiving fresh osteochondral allografts revealed allograft survival rates of 95%, 80%, and 65% at 5, 10, and 15 years, respectively. 98 Similarly, allograft survival rates of 75%, 64%, and 63% have been reported in large allograft studies at 5, 10, and 14 years, respectively, after transplantation and that the failure rate of allografts was increased in bipolar lesions as well as older patients (age 60 years and above). 99 Smaller clinical assessments of fresh osteochondral allografts have revealed similar positive results over a relatively short assessment time. A 2-year study of 17 patients and a separate 12-patient study lasting 5 years had similar clinical results, whereby successful grafts were reported in 71% and 67% of patients, respectively. 100 Analogously, a 20-patient study revealed 75% of transplanted allografts resulted in good/excellent scores and minimal arthrosis out to 7 years. 101 While allografting of condylar lesions has met with fair success, it has shown to be a salvage operation aimed at young, active patients with isolated patellofemoral articular cartilage disease in whom previous procedures have failed.
Animal studies investigating the use of osteochondral allografts with a range of animal models have reported varying degrees of success. Early work by Langer and Gross 102 implanted chondrocytes maintained within their ECM in the subcutaneous dorsum of both inbred rat and unrelated rabbit models. Recipients did not experience significant leukocyte migration into the defect site, a characteristic closely attributed to a cell-mediated immune response, nor did they possess any cytotoxic humoral antibodies associated with the allograft, indicating that cartilage grafts of chondrocytes maintained within their matrix are relatively nonimmunogenic. Similar results were observed in other animal studies involving rabbits 13 and dogs 103 that showed allograft transplantation led to at least an 80% success rate, as assessed by complete filling of the defect with cartilaginous ECM. Additionally, no differences in biochemical composition and biomechanical functionality were found compared to fresh autografts and surrounding native tissue. Stevenson et al. 104 report potentially conflicting results when leukocyte antigen-matched and antigen-mismatched allografts were transplanted in a dog model. After 11 months, antigen-mismatched allografts contained significantly less articular cartilage than either sham operations or antigenmatched allografts, with increased presence of inflammatory mononuclear cells. This immune response was mitigated by cryopreserving allografts before harvest, but this process led to significant cell death and biochemically and histologically inferior grafts.
Due to limited availability of fresh cadaveric tissue, several clinical studies have been performed assessing the efficacy and viability of frozen and cryopreserved osteochondral allografts. [105] [106] [107] [108] Clinical results showed that 67% and 70% of patients reported good/excellent scores after transplantation of cryopreserved 107 and frozen 108 allografts, respectively, out to 4 years. Compared to fresh allografts, frozen allografts offer many advantages, including greater tissue availability, a longer time period for infectious disease testing, easier size matching, and a reduction in graft immunogenicity. 107, 108 It is believed that the decreased immunogenicity due to the lack of cell viability was a result of the freezing procedure. 109, 110 Specifically, the freezing process has been shown to reduce the viability of chondrocytes, eliminating more than 95% from the articular cartilage portion of osteochondral grafts, which subsequently leads to deterioration of cartilage matrix molecules. 95, 111 Special care and treatment of allografts have been shown to be of paramount importance in limiting immunogenic reactions to osteochondral allografts. A common preparation step for osteochondral allografts is a high-pressure wash between harvest and transplantation to remove allogenic APCs. It is worth noting that in all the above clinical studies, pressure washes were administered to allografts before implantation, and no tissue typing, blood grouping, or immunosuppressive therapies were used. In fresh allograft studies, transplantation occurred 2-7 days after the death of the donor to permit a sufficient testing time for diseases such as HIV, hepatitis, and syphilis, while frozen allografts provided ample testing time for potential disease transmission.
Chondrocyte implantation
In addition to osteochondral replacement, allogenic chondrocytes have been used in a procedure similar to ACI to repair cartilage defects. A wide body of evidence exists demonstrating that allogenic transplantation of isolated chondrocytes elicits an immune response that gradually destroys the resulting cartilage tissue. [112] [113] [114] [115] Specifically, it has been shown in a rabbit model that cytotoxic humoral antibodies were identified in animals that received transplanted chondrocytes. 102 These grafts were immunogenic as assessed by leukocyte migration assays, indicating the presence of a cellmediated immunologic reaction. A separate study involved the transplantation of isolated rabbit chondrocytes into the anterior tibial compartment, resulting in a rapid immune response after only 10 days. 116 In contrast, when these same chondrocytes were allowed to produce a matrix atop decalcified bone before implantation, the genesis of tissue repair was observed at 10 days, and only a minimal immune response was detected out to 6 months.
Other work has investigated the role the immune system plays toward detection and rejection of allogenic chondrocytes. To ensure detection of implanted chondrocytes by the host's immune system, Romaniuk et al. 20 implanted allogenic chondrocytes into posterior tibial muscles immediately after enzymatic digestion and assessed repair tissue out to 12 weeks. Cartilage neotissue nodules formed immediately, but they were slowly destroyed over time by large infiltrations of mononuclear lymphoid cells. Specifically,
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Tissue-engineered constructs
Due to the relative success of transplanted osteochondral allografts and the simultaneous failure of transplanted isolated allogenic chondrocytes, tissue engineering of neocartilage using allogenic chondrocytes with natural and synthetic scaffolds has been investigated as an alternative for the repair of cartilage defects ( Table 2 ). To date, most in vivo experimental studies have utilized natural and synthetic scaffolds in small-animal models, that is, rabbit and rat. Natural scaffolds, such as collagen and agarose, have been successfully used in both animal models for allogenic transplantation. 87, [117] [118] [119] [120] [121] In the rabbit, cell-seeded collagen allografts contained a majority of collagen type II, had a success rate of 80% out to 24 weeks with no sign of immunologic reactions, 121 and possessed similar compressive stiffness values to native tissue after 12 weeks of implantation that persisted out to 48 weeks. 122 Thus, neotissue with stiffness values approaching native values accompanied by hyaline-like histological scores indicated successful repair of the induced cartilage defects. Masuoka et al. 117 used allogenic chondrocytes cultured in a variant of a type I collagen scaffold, known as an atelocollagen honeycomb sponge, for treatment of osteochondral defects in the rabbit. Analysis at 3 months revealed hyaline cartilage neotissue exhibiting collagen type II staining with no signs of tissue degeneration or immunologic rejection. In rats, collagen-seeded allografts filled with hyaline neocartilage after 2 weeks with a small degree of inflammatory cell infiltration. This infiltration had almost disappeared by 12 weeks, and no signs of inflammatory infiltration were present at 1 year posttransplantation. Transplantation of rabbit chondrocytes in an agarose gel after in vitro matrix accumulation resulted in no graft rejections or immune cell infiltrations after 18 months. 119 Additionally, 47% of the grafts revealed a neotissue that had morphology approximating native tissue. In these studies, it is postulated that three-dimensional in vitro growth led to chondrocyte phenotype maintenance and matrix production that shielded chondrocytes from a host-mediated immune response after implantation.
The use of synthetic biomaterials combined with allogenic chondrocytes has also been explored for tissue repair with considerable success. Freed et al. 123 used rabbit chondrocytes seeded onto polyglycolic acid (PGA) scaffolds for transplantation into full-thickness defects. Before implantation, cell-seeded scaffolds were cultured for 3-4 weeks to allow the formation of a small amount of neotissue. At 1 month posttransplant, a moderate number of lymphocytes were present in transplanted joints, which disappeared after 6 months. The nonimmunogenicity of the implanted construct was attributed to the surface antigens of allogenic chondrocytes being shielded and sequestered by cartilage matrix deposited during in vitro culture. In a similar study, allogenic rabbit chondrocytes were seeded in PGA meshes before implantation in osteochondral defects. 124 Similarly, a low level of mononuclear cells was detected in regions of the underlying bone of treated defects. These cells, however, did not disappear over time as this cell infiltration was maintained throughout the 24-month study. This persistence of mononuclear cells was attributed to the allogenic cell population because lymphocytes were absent from defects treated with unseeded scaffolds. It is worth noting that this mild immune response appeared benign, as no evidence of graft resorption or rejection was observed, and neotissue maintenance was preserved over the entire 2-year observation period.
Other studies combining natural and synthetic scaffolds with allogenic chondrocytes affirm previous successes of allogenic cartilage tissue engineering. In one study, rabbit chondrocyte-fibrin gels were embedded within a PGA-lactic acid polymer fleece. 125 Treated defects were filled with 
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hyaline-like cartilage tissue, and while a large number of mononuclear cells were observed around the defect 4 weeks after surgery, none of these cells infiltrated into the newly formed cartilage. The mild immune response at 4 weeks was attributed to polymer scaffold resorption, which was complete by 12 weeks when no immune response was observed. Additional evidence of successful allogenic cartilage tissue engineering was provided in a study in which the effectiveness of allogenic transplantation of silk fibroin sponges seeded with rabbit chondrocytes after bioreactor culture was investigated. 126 Results indicated that 12 weeks after transplantation, hyaline-like tissue ingrowth had occurred with no signs of an immune response.
While an overwhelming number of studies have indicated that allogenic chondrocytes used in conjunction with a wide variety of natural and synthetic scaffolds are effective in treating articular cartilage defects without eliciting an immune response, one study by Kawabe and Yoshinao 127 has put forth conflicting evidence. In this study, rabbit growth plate chondrocytes were cultured for 10 days in a scaffoldfree system, eventually generating 200-mm-thick neotissue discs. After in vitro culture, these constructs were implanted with a fibrin clot for attachment in the defect site. These grafts produced satisfactory articular cartilage tissue out to 3 weeks, but all grafts were replaced by fibrous tissue by 24 weeks. Moreover, this fibrous tissue replacement coincided with an increase in mononuclear cells throughout the graft, including an accumulation of lymphocytes around chondrocytes from 2 to 12 weeks, with a peak at 3 weeks; authors concluded that the observed immune response was both cell mediated and humoral. It remains unclear the quantity of matrix accumulation present after 10 days of culture before implantation, as only slight safranin-O staining was observed immediately after implantation. The low accumulation may be an indicator for the observed chronic cell infiltration, and had more time been given during in vitro culture for the accumulation of additional ECM, the immune response may have been mitigated. Nevertheless, even when chondrocytes were surrounded by a small amount of ECM when implanted, a vigorous immune response occurred.
Although most animal studies have been performed in the rabbit model, there exists a small body of evidence of allogenic cartilage tissue engineering in other animal models with moderate success. Thrombin scaffolds seeded with embryonic chondrocytes were implanted into osteochondral defects of White Leghorn roosters. 128 Resulting neocartilage integrated well with surrounding matrix out to 6 months posttransplant, while no signs of immunogenic rejection were observed. Sams and Nixon 129 and Sams et al. 130 used foal chondrocytes seeded in a collagen scaffold for use in large (15 mm) cartilage defects in horses. Grafts contained significant aggrecan deposition 8 months after transplantation but only a small amount of collagen type II. Additionally, no cellular infiltrates were present indicating the absence of an immune response.
Another technique utilized allogenic chondrogenically differentiated MSCs seeded in a hyaluronic acid-based gel to resurface caprine articular cartilage. 131 Results showed fibrocartilage tissue production 3 months after implantation that contained blood cell infiltrates and signs of mild immunologic rejection. In contrast, autogenic MSC-derived chondrocytes produced hyaline cartilage neotissue without any signs of an immunologic reaction. The authors indicate that the inherent heterogeneity of chondrogenically induced MSCderived cells may contain a small subpopulation of noncartilage cells that do not produce a cartilage ECM coat. Without the ECM imparting immunoprivileged protection, the allogenic cells are subject to eliciting an immunogenic reaction.
The fate of transplanted allografts has been investigated for over three decades and remains a matter of debate. Though a few animal studies indicate that there may be a host immune response after implantation of an osteochondral allograft causing tissue rejection, a large amount of clinical evidence exists to the contrary. Allogenic chondrocytes that have been isolated from their native surrounding matrix are immunogenic and contribute to an inflammatory immune response and tissue resorption, but this immunogenicity is tempered and chondrocytes remain viable when transplanted within their dense surrounding matrix of a tissue graft or engineered construct. More specifically, the presence of ECM is believed to form a protective barrier around the chondrocytes, which blocks both the infiltration of host immune cells into the graft as well as the escape of immunogenic chondrocytes out of the graft. 28, 102, 123 Xenogenic Another option in addressing limitations of autogenic tissue use in cartilage repair involves the use of xenogenic chondrocytes. To date, only a small number of researchers have explored these cells as a viable alternative to traditional repair techniques, but successes with allogenic chondrocytes surrounded by ECM have quelled some original fears from researchers regarding major immunologic tissue rejection. The highly limited availability of healthy human cartilage for allogenic use bolsters the potential excitement and keen interest associated with xenogenic chondrocyte usage.
Osiecka-Iwan et al. 132 investigated the implantation of rat chondrocytes in intramuscular rabbit tissue to assess the humoral immune response of xenogenic chondrocyte implantation. Cartilage transplants were rejected when assessed 2 weeks postimplantation, and the implant site was marked by the presence of nonviable chondrocytes and a matrix devoid of proteoglycans. Additionally, the implant site was completely invaded by macrophages and a small number of giant foreign body cells. The implantation of xenogenic chondrocytes in this model differs dramatically from implantation into a joint defect, as the intramuscular implant site is strongly vascularized, which guarantees the detection of xenogenic cells by the host's immune system. While a primarily humoral response was observed in this model, the authors concede that implantation into a joint surface defect would likely elicit a different host immune response. However, this finding indicates a potential inflammatory reaction should a vascularized source be subjected to unshielded xenogenic cells.
Xenotransplantation of chondrocytes into a cartilage defect as opposed to an intramuscular site is a more realistic model for assessing immune responses and the neotissue growth potential. One such study examined pig chondrocyte implanted into induced human cartilage defects (cadaveric explants) in an in vitro model. 23 After 12 weeks, immunohistochemical analysis of neotissue, which filled 36% of the induced defect, indicated the presence of proteoglycans and both collagen types I and II. While this model illustrates 8 REVELL AND ATHANASIOU xenogenic chondrocytes' ability to regenerate a neotissue of hyaline-like biochemical properties, a major limitation was that in the in vitro model, no assessment of an immune response was possible for the isolated xenogenic chondrocytes and resulting xenotransplant. An improvement in this method was performed by Ramallal et al., 3 whereby they implanted pig chondrocytes into osteochondral defects of adult rabbits in vivo. Results 24 weeks after surgery revealed the presence of hyaline-like repair tissue. Moreover, this neotissue was found to have been produced by the xenotransplanted pig chondrocytes and not by the native rabbit tissue, as pig cells were distributed throughout the newly synthesized cartilage. The absence of inflammatory cells or other external inflammatory signs at the defect site indicates the lack of a host immune response against the implanted graft. These results indicate a potential role for xenotransplantation, though a complete battery of immunogenicity parameters was not investigated, including specific antibody reactivity against pig cells.
In another experimental model, osteochondral repair tissue in rabbits was compared using a PLA scaffold seeded with rabbit allogenic chondrocytes, MSCs, and fibroblasts and undifferentiated human umbilical cord blood (hUCB) stem cells. After 12 weeks, all four groups produced repair tissue of varying hyaline and fibrous tissue characteristics. Allogenic chondrocytes and MSCs produced hyaline-like tissue, allogenic fibroblasts produced complete fibrous tissue, while xenogenic hUCB cells produced a predominant amount of fibrous tissue with scattered chondrocytes and a thin layer of hyaline-like cartilage. In terms of an immunologic response, no lymphocyte infiltration was observed in the repaired graft tissue for any treatment group, but lymphocyte infiltration was observed in the synovial tissue for only the hUCB cell group most likely associated with the difference in species.
Xenogenic transplants of rabbit chondrocytes embedded in a fibrin glue scaffold were implanted in goats and formed a cartilage matrix 52 weeks posttransplantation with a matrix consisting of 75% collagen type II. 133 At the conclusion of the study, xenotransplants produced fibrous tissue similar to tissue produced in control, unfilled defects. Mild signs of synovitis were observed in some specimens and were also observed in several sham operations, indicating that an inflammatory response could be attributed to the transplantation procedure, and not the presence of xenogenic chondrocytes.
Decellularization of osteochondral xenografts has been hypothesized as a means of repairing cartilage defects while avoiding a potential immune response associated with xenogenic chondrocytes. von Rechenberg et al. 18 reported exciting results using a photooxidation technique for decellularization of bovine osteochondral grafts with subsequent xenotransplantation into osteochondral ovine defects. Previous in vitro studies demonstrated that photooxidation of cartilage produced a tissue containing only nonviable chondrocytes and a mechanically stronger ECM, due to the photooxidation's ability to affect the aromatic and sulfurcontaining amino acids of cartilage's collagen fibrils. 134, 135 When implanted in vivo into a sheep model, photooxidized bovine transplants outperformed untreated xenotransplants, untreated autografts, and both treated and untreated allografts as assessed by histological and gross morphological scoring. Additionally, fewer cystic lesions were observed for photooxidized xenografts than in all other groups, indicating a tight fit between host and graft tissue. A simultaneous reduction in mononuclear and plasma cell infiltration was observed in the treated xenotransplant group after 6 months. It is of note that while native chondrocyte recruitment occurred in treated xenografts, the middle zone remained acellular even out to 6 months. This photooxidation process was demonstrated to reduce the immunogenic properties of osteochondral grafts and inhibit graft bone resorption, thus yielding a possible treatment that may enable nonviable osteochondral xenotransplants or engineered xenografts to be used clinically in cartilage defect repairs.
Discussion
Attempts to bypass articular cartilage's limited ability to self-repair have led researchers to consider a wide array of tissue sources and repair techniques to achieve tissue similar to native surrounding tissue. These approaches exhibit technical complexities of varying degree that must be overcome before acceptance as the best clinical treatment option (Table  3) . Autogenic tissue has been thoroughly investigated because it avoids any potential for immune rejection or disease transmission, but results have proved inconsistent. Beneficial results have been obtained using autogenic osteochondral plug replacement and mosaicplasty, with success rates of >70% occurring for each treatment modality. The ACI technique has been approved by FDA for clinical use and has contributed to moderately successful short-term graft repair, while long-term results may be less promising. These autogenic treatments, however, have many limitations preventing widespread use, chief among which is the requirement of a cartilage donor site from a non-weight-bearing portion of the knee. As stated previously, it has been suggested that a critical-size defect exists for cartilage (generally accepted as a defect measuring less than 3 mm in diameter) below which a natural healing response occurs whereby the defect is filled with normal hyaline tissue. Mounting evidence has arisen counter to this argument, stating that any size defect, especially one penetrating into the subchondral bone, repairs with a fibrous tissue that is inferior to normal cartilage. 136 With time, this fibrocartilage repair tissue degenerates and the defect becomes permanent, frequently hastening further degeneration at the site of injury. 22, 119, 124 MSC usage, while advantageous over other autogenic treatments due to the reduced donor-site morbidity, contributes to a large amount of fibrocartilaginous tissue with inferior properties. Evidence, therefore, indicates that all current autogenic treatment techniques have major practical and functional hurdles associated with them, leading researchers to consider alternate tissue sources and strategies.
Many of the same treatment strategies have been employed with allogenic and, to a lesser degree, xenogenic tissue, and have led to encouraging results. Specifically, osteochondral allografts and a wide range of engineered cartilage grafts using allogenic chondrocytes have shown high success rates in both clinical and experimental studies. An original concern in using allogenic tissue was an immune response to the graft by the host, but this issue has been thoroughly investigated and very few immune responses and their associated setbacks have been documented. On the contrary, implantation of suspended allogenic chondrocytes has led to rapid immune responses in host tissue with subsequent graft rejection and resorption. Together, these findings lead to the theory that allogenic chondrocytes are indeed immunogenic, but an ECM acts to form a protective barrier around the chondrocytes, thereby shielding this immunogenicity and enabling grafts with sufficient matrix accumulation to resist immune rejection. Nonetheless, future studies are needed to fully understand and optimize exactly how much and what type of matrix accumulation is necessary to impede this immunogenicity. These results are encouraging in that allogenic tissue can be used to produce cartilage repair tissue, either as osteochondral plugs or through various tissue engineering strategies, with similar success rates as autogenic therapies and similar biochemical and biomechanical functionality as native tissue.
While results of experimental studies presented in Table 2 reveal a muted immune response using allogenic chondrocytes with natural and synthetic scaffolds, we would be remiss to not comment on a potential implicit bias and confounding effect in using small-animal models for immune response studies, particularly the rabbit. These results may be due to some degree of inbreeding present in many species of rabbits and hens used as laboratory study animals. 29 Should allograft transplants be performed between closely related animals, an absence of monocyte cell infiltration, and accompanying downstream immunologic response, may be inaccurately attributed to an immunoprivileged response. This explanation can be challenged because it is known that skin transplants exchanged between members of a specific rabbit colony are immunologically rejected. 137 Additional evidence supporting this position is the success of allografted osteochondral plugs in both human clinical experience and a multitude of animal trials. Nevertheless, to adequately compare allogenic and xenogenic results to the wide body of clinical data supporting autogenic repair techniques, further experimental investigations into potential cartilage repair techniques should focus on a wider range of larger animal models with more clinical relevance, such as the goat. 138, 139 A wide range of treatment techniques are available for the treatment of articular cartilage defects. In vivo clinical and experimental studies coupled with in vitro animal studies have made great strides toward providing improved treatment techniques. Further, this research has defined the immunologic response against chondrocytes when implanted in the joint space and has illustrated various modalities to mitigate this response. Though advances in tissue grafting have been achieved, certain limitations remain. Most investigated techniques are still only successful in a younger patient (<45 years), and are only successful in unipolar graft replacement. Therefore, further research should continue along both the allogenic and xenogenic path, pursuing the techniques that best reproduce neotissue similar to healthy, native tissue. The breadth of endpoint analyses should also be widened, and more emphasis should be placed on graft biomechanical and biochemical functionality in conjunction with histology, immunogenicity, and clinical scoring.
Because autologous repair techniques avoid immunological concerns, they possess logistical and biological limitations that impede their widespread use. The major concern in implementing alternate sources for transplantation has been the associated immunogenicity inherent in allogenic and xenogenic cells and tissue. As shown here, however, a large amount of clinical and experimental evidence exists suggesting that an immune response is elicited when isolated allogenic and xenogenic cells are implanted into cartilage defects in the absence of any ECM. When chondrocytes are implanted while contained within their ECM, the immune response is significantly reduced, as the ECM acts to protect and shield the antigenicity of the cells and prevents the host's immune response from mounting an attack for rejection. This exciting finding opens the door for an increase in research toward allogenic and xenogenic repair techniques that can finally aid in solving the major clinical problem of defective articular cartilage. 
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